We report the isolation and characterization of a new nuclear structure from spermatozoa of the golden Syrian hamster which we term the nuclear annulus. The nuclear annul us was located at the implantation fossa, the point at which the tail is joined to the sperm head, inside the nucleus adjacent to the inner nuclear envelope. Extraction of sperm nuclei with 2 M NaC1 and 10 mM dithiothreitol caused the solubilization of the protamines and DNA decondensation.
INTRODUCTION
and were able to demonstrate that the DNA remained bound to a nonprotamine nuclear skeleton that was partially disrupted by the process. Similar extraction procedures were used by Livolant (1983) to suggest that the chromatin within the sperm nucleus was composed of sheets of parallel fibers of DNA lying on top of each other. On the basis of freeze-fracture electron microscopy, Koehier and colleagues (Koehier, 1970; Koehler et al., 1983 ) have proposed a model of sperm chromatin organization in which the DNA is condensed into 20-nm strands that are arranged into several layers of lamellae stacked one on top of the other. Beilv#{233} (1982) and Rodman and Pruslin (1985) used high-strength ionic buffers to extract protamines from mouse sperm nuclei and demonstrated that they contain a nonprotamine nuclear matrix, but its role in DNA organization has not been established.
We employed similar techniques to study the organization of DNA in the hamster sperm nucleus. By extracting sperm nuclei using conditions that completely disrupted the nucleus, we found that the DNA remained anchored to one major nuclear structure, which we term the nuclear annulus. We believe this structure plays an important role in the organization of sperm DNA. away from the nuclear annulus a small amount of DNA remained associated. To enrich for the nuclear annulus, the suspension was diluted with 25 volumes of 2 M NaCl, 25 mM Tris (pH 7.4), and 10 mM MgCl2, warmed to room temperature, and underlaid with 10 ml of 2.41 M CsCl, 25 mM Tris (pH 7.4), 50 mM MgCl2, and centrifuged at 25,000 rpm (113,000
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MATERIALS AND METHODS
Decondensation of Sperm Heads
x g) for 1.5 h at 25'C in a Beckman SW-27 rotor. The supematants were aspirated, and the pellets resuspended in 2 M NaCl, 25 mM Tris, pH 7.4 (final concentration was 5-8 x 108 nuclear equivalents/nil). The resuspended pellets were lightly homogenized on ice with a Dounce hand-held homogenizer to disperse the clumps of nuclear annuli, and 1-mi aliquots of the suspension were layered onto a 20-nil continuous sucrose gradients (20-40%, w/v) containing 2 M NaC1, 50 mM Tris (pH 7.4) and 5 mM MgCl2.
The gradients were centrifuged at 2000 x g for 1 h at 4C. A small, opaque band that formed near the top of the gradient contained nuclear annuli. The sucrose gradients had pellets that contained dissipated nuclear particles, pertnuclear theca elements, and a small amount of contaminating nuclear annuli. The fraction highly enriched in nuclear annuli within the sucrose gradient was diluted with 1 volume of 50 mM Tris (pH 7.4) and centrifuged at25,000rpm(113,000xg)forl hinaBeckman SW-27 rotor. The pellets were resuspended in 1 ml of 2 M NaC1, 25 mM Tris (pH 7.4) for analysis. The nuclear annuli tended to clump together if the 2 M NaCl was not present in the suspension buffer.
Nuclear annulus preparation with n-bulylamine.
Treatment
of spermatozoa with n-butylamine has been reported to separate the heads from the tails at the junction between the inner and outer nuclear envelopes pared, and nuclear annuli were isolated as described above. Hamster sperm nuclei isolated as described above were solubilized in 2% SDS, 5% 3-mercaptoethanol (BME), 10% glycerol (v/v) (all SDS-PAGE electrophoresis reagents were from Bio-Rad, Richmond, CA), and boiled for 5 mm in preparation for gel electrophoresis. The solution was viscous because of the released DNA and was sonicated using the microtip described above for 20 s to cleave the DNA into smaller fragments. This solution was loaded directly onto the gel. Nuclear annuli were prepared as described above, except that nuclei were extracted in 2 M NaC1, 25 mM Tris (pH 7.4), 40 mM DTT at room temperature for 2 h, rather than for 1 h on ice, to ensure complete extraction of the protamines. Nuclear annuli prepared in this manner were identical, by phase-contrast and fluorescent microscopy to those prepared above. Nuclear annuli in 2 M NaCl, 25 mM Tris (pH 7.4) were centrifuged at 15,000 rpm for 30 miii in a microfuge at 4#{176}C. The pellet was washed once with 50 mM Tris (pH 7.4) and centrifuged again. The final pellet was solubilized in 2% SDS, 5% BME, 10% glycerol (v/v), boiled for 5 mm and loaded onto a 5-15% acrylamide gradient gel with a 3% stacking gel, as described by Laemmli (1970). Gels were stained with 0.1% Coomassie Brilliant Blue in 50% methanol, 10% acetic acid, and destained in 10% acetic acid.
NUCLEAR
Acid urea gel electrophoresis.
Protamunes were extracted from isolated hamster sperm nuclei by the methods of Marushige and Marushige (1975b) . Nuclei were suspended in 6 M urea, 1.1 M NaC1, 100 mM BME, and incubated at 37#{176}C for 1 h. The suspension was then dialyzed into 0.16 M HC1 at room temperature for 2-4 h to precipitate the DNA and acid-insoluble proteins. The suspension was cooled on ice and centrifuged at 2000 x g for 10 mm. The supematant was then made up to 20% trichioroacetic acid (TCA, Sigma), cooled, and centrifuged at 2000 x g for 10 mm. The pellet was solubilized in 1 M urea, 0.9% acetic acid, 100 mM BME for electrophoresis.
Nuclear annuli were prepared as described above except that nuclei were extracted in 2 M NaCl, 25 mM Tris (pH 7.4), 40 mM DTF at room temperature for 2 h to ensure complete extraction of the protamines.
Nuclear annuli were digested with 500 pig/mi DNAse I (Worthington, Freehold, NJ), in 2 M NaC1, 25 mM Tris (pH 7.4), 10 mM MgCl2, 40 mM DTF for 30 mm at 37#{176}C. The annuli were centrifuged at 15,000 rpm in a microfuge, washed once in 2 M NaCl, 25 mM Tris (pH 7.4), and centrifuged again. The final pellet was extracted with 6 M urea, 1.1 M NaC1, 100 mM BME and prepared for electrophoresis, as above. The protainines extracted by 2 M NaC1 were obtained by pipetting the 2 M NaC1 fraction off the 2 M NaCI/CsC1 step gradients after centrifugation that were used to prepare nuclear annuli. The solution was then dialyzed against 0.16 M HC1, cooled on ice, and centrifuged at 2000 x g for 10 mm. The supernatant was made up to 20% TCA, cooled on ice, and centrifuged at 2000 x g for 20 mm. The pellet was solubilized in 1 M urea, 0.9% TCA, 100 mM BME for electrophoresis. Samples were electrophoresed on 13% acrylamide gels in 0.9% acetic acid, as described by Panyim and Chalkley (1969). Gels were stained with 0.1% amido black, 50% methanol (v/v), 10% acetic acid and destained with 10% acetic acid. 1975b) . From whole spermatozoa (Fig. 1A) , we extracted the protamines and observed that when the head had been disrupted the expanded DNA appeared to remain attached to the tail of the spermatozoa (Fig. 1B) . This suggested that sperm nuclei contained a structure that was tightly associated with the nuclear DNA and with the tail, and that this structure appeared to remain intact when the nucleus was completely dissipated. To identify this nuclear structure, we isolated hamster sperm nuclei free of their tails and treated with 2 M NaCl, 25 mM Tris (pH 7.4) and 40 mM DTF to induce decondensazion (Figs. 1C and D) . In phase-contrast microscopy, a crescent-shaped, ringed structure could be seen at the implantation fossa, the point at which the tail attached to the head (arrow , Fig. 1C ). We term this structure the nuclear annulus.
RESULTS
When
When the nuclei were completely dissipated by gentle homogenization, the fl nuclear annuli were still associated with DNA (Fig. 1E ) just as the tail was associated with DNA when whole spermatozoa were decondensed (Fig. 1 B) . Nuclear annull were isolated on sucrose density gradients after extensive shearing of the DNA, and a residual halo of DNA remained associated with the nuclear annuli (Figs.  iF and 0) . Scanning electron micrographs of isolated nuclear annuli demonstrated that the annuli were shaped like rings bent in the center forming a double-crescent structure (Figs. 2A,B , and C), as was suggested by the phase-contrast micrographs. The sonicaxion step used to separate the sperm heads from the tails in the preparation of the nuclear annulus described above occasionally left small fragments of the tail associated with the sperm heads. It was therefore possible that the nuclear annulus was a component of the tail rather than a nuclear structure. To test this possibility, we prepared nuclear annuli from hamster spermatozoa treated with n-butylamune, which separates sperm tails from the heads at the point between the two lipid bilayers of the sperm nuclear envelope (Young and Cooper, 1979 Cooper, , 1983 . Nuclear annuli prepared in this manner were identical in appearance by phase-contrast microscopy to the annuli prepared from sonicated spermatozoa. These data suggested that the nuclear annulus was located inside the nucleus. Scanning electron micrographs of nuclear annuli prepared with n-butylamine (Figs. 2D,E, and F) showed the same double crescent-shaped structure as those prepared from somcated spermatozoa (Figs. 2A,B , and C). The nuclear annuli prepared from sonicated spennatozoa contained a diaphragm-like structure (Figs. 2A,B , and C) that was absent in the n-butylaniine-prepared annuli (Figs. 2D,E, and F) . This diaphragm contained a small aperture, about 0.2 un in diameter, consistently positioned slightly off center (Figs. 2A,B , and C). We propose that this diaphragm is the basal plate, a structure that electron microscopists have previously described in the sperm tail immediately adjacent to the outer nuclear envelope at the implantation fossa (Fawceu, 1970; Stackpole and Devorkin, 1974). The basal plate remains associated with the tail, not with the nucleus, when spermatozoa are treated with n-butylamine ( Young and Cooper, 1979, 1983) . This is consistent with our observation that the diaphragm was not associated with the sperm nuclear annuli isolated from n-but- ylamine-treated spermatozoa.
The small aperture in the basal plate seen by scanning electron microscopy ( Figs.  2A,B , and C) has not been described previously. The dimensions of the nuclear annulus and the basal plate are given in Figure  3 . Scanning electron microscopy also confirmed that the nuclear annulus was tightly associated with DNA. Nuclear annuli prepared from n-butylamine-cleaved spermatozoa not treated with DNAse contained many fibers attached to the annuli (Figs. 2G,H, and I) . When an identical preparation was treated with DNAse prior to fixation, the fibers were not present (Figs. 2D,E Fig. 4A , Lane 2). These two major proteins were present in whole nuclei in small amounts (Fig. 4A, Lane 1) . The acid-soluble protamines were examined at each stage of the purification of nuclear annuli by using acid-urea gel electrophoresis as described in Materials and Methods.
The protamines of hamster sperm nuclei The hamster spermatozoon is diagrammed on the left. On the right, the implantation fossa, the point at which the tail is attached to the head, is enlarged and diagrammed in greater detail. The nuclear annulus is located just inside the nucleus adjacent to the inner nuclear membrane.
It is attached to the basal plate on its cytoplasmic side and to DNA within the nucleus. appeared as two bands (not resolved in this lane: Fig.  4B , Lane 3) that were smaller than calf thymus histones (Fig. 4B, lane 1) and larger than salmon sperm protamine (Fig. 4B, Lane 2) . When the nuclear annuli were treated with urea to extract any possible residual protamines, a very small amount of protamine remained associated with the structure, even after extensive digestion with DNAse I (Fig. 4B, Lane 4) . The protamines that were still associated with the nuclear annulus migrated as two bands (Fig. 4B , Lane 4) that comigrated with the protamines isolated from sperm nuclei (Fig. 4B, Lane 3) .
The amounts of protein in each lane were quantified on separate gels using known amounts of molecular weight markers as standards for the SDS-PAGE and salmon sperm protamine as standards for the acid/urea gels. By this method, we calculated that the protainine content of the nuclear annulus represented only 3% of the total protein in the structure.
To illustrate this point, the same number of nuclear annuli were loaded onto the SDS-PAGE and the acid/urea gels for comparison of the SDS-soluble protein with the protamine content in the structure (Fig. 4A, Lane 2, and Fig. 4B, Lane 4,  respectively) .
The protamine content of the nuclear annulus represented less than 0.1% of the total protamine in the hamster sperm nucleus (compare Fig. 4B,  Lanes 3 and 4) . Treatment of the sperm nuclei with 2 M NaCI, 25 mM Tris (pH 7.4) and 40 mM DTF extracted more than
99%
of the protamines, and they were degraded to lower molecular weights (Fig. 4B, Lane 5) . Mammalian sperm nuclei have been long known to contain a protease that digests the protamines during extraction (Marushige and Marushige, 1975b; Zirkin et al., 1980). The small portion of the protamines that were associated with the nuclear annulus were present in the same extraction buffer for the same length of time, but were not degraded (compare Lanes 4 and 5, Fig. 4B ).
DISCUSSION
The nuclear annulus was associated with DNA and with the basal plate, and it was located inside the nucleus.
Based on these criteria, we propose that the nuclear annulus is located adjacent to the inner nuclear envelope at the implantation fossa, as diagrammed in Figure 5 . It appears to be attached to the tail by the basal plate, and is most likely the nuclear structure responsible for the attachment of the DNA to the tail when the nucleus is decondensed (Fig. 1B) . For several reasons, we believe that the nuclear annulus is not a component of the perinuclear theca, a cytoplasmic cytoskeleton that is tightly associated with the sperm nucleus.
The perinuclear theca of the rat sperm head, which is similar in shape to that of the hamster sperm head, does not extend completely to the implantation fossa (Oko and Clermont, 1988), where the nuclear annulus is located. Also, in preparations of the perinuclear theca, the theca remained largely intact, resembling the caudal portion of the sperm head (Longo et a!., 1987). In our preparations of the nuclear annulus, however, the perinuclear theca was allowed to completely dissipate before the nuclear annuli were isolated (Fig. 1E) . The most compelling argument, however, is that the nuclear annulus is tightly associated with nuclear DNA even after it has been isolated on sucrose density gradients, whereas perinuclear theca is a cytoplasmic structure and is not directly associated with DNA. Several structures have been described in the literature that might be confused with the nuclear annulus, either because of similar shape or because they are located near the implantation fossa, actually, these other structures are very different. The first is a much
